Introduction {#S0001}
============

Cystic fibrosis (CF) is a life-threatening genetic disease that affects approximately ct 380,000 people worldwide.[@CIT0001] CF is caused by absent or reduced function of the cystic fibrosis transmembrane conductance regulator (CFTR) protein that is encoded by the CFTR gene. It is characterized by pulmonary exacerbations, progressive loss of lung function, respiratory failure, and poor nutritional status. The discovery of the CFTR gene in 1989 has set the stage for understanding the pathogenesis of CF and the development of therapies that target the underlying disease-causing abnormality.[@CIT0002]

CFTR is a transmembrane protein, that belongs to the adenosine nucleotide-binding cassette transporters, which functions as an ion channel regulated by cAMP-dependent phosphorylation that conducts chloride and bicarbonate through the apical membrane of epithelial cells.[@CIT0003]--[@CIT0005] It also regulates ion transporters such as other chloride channels and epithelial sodium channel (ENaC).[@CIT0006] CFTR is expressed in many epithelia of the body including airway surfaces, sinuses, pancreas, intestine, reproductive system, and sweat glands, which explains the multi-organ pathology of CF.

CF was first described in 1938 as "Cystic fibrosis of the pancreas" by the American Pathologist, Dr. Dorothy Andersen.[@CIT0007] Progressive airway destruction characterized by chronic lung infection and loss of lung function, however, is the predominant cause of morbidity and mortality.[@CIT0007],[@CIT0008] The mechanisms by which CFTR dysfunction in the airway epithelium lead to mucus plugging, chronic inflammation, and impaired antibacterial host defense include: airway surface dehydration due to imbalance between CFTR-dependent chloride secretion and ENaC mediated sodium absorption; and reduced airway surface liquid PH due to impaired bicarbonate secretion which reduces the function of antimicrobial peptides.[@CIT0009]

Over 2,000 CFTR gene mutations are described and just over 300 of them are known to cause disease.[@CIT0010],[@CIT0011] However, only a small number of well-studied mutations are responsible for disease in the vast majority of CF patients while many of the other mutations remain uncharacterized. CFTR mutations can lead to decreased quantity or function (and sometimes both) of the CFTR protein at the epithelial cell surface. The overall clinical impact of an individual CFTR mutation depends on the total CFTR activity which in turn depends on the number of CFTR channels at the cell surface and the functional ability of each channel to open (channel gating) and transport (conductance) ions.[@CIT0012] Other non-CFTR genetic, environmental and socio-economic factors are also known to influence overall CF outcome.[@CIT0013]

CFTR mutations are traditionally categorized into six functional classes depending on their impact on the CFTR protein production, processing or function ([Table 1](#T0001){ref-type="table"}).Table 1Classes of CFTR mutationsClassType of defectExamples of mutationClass IDefective protein synthesisG542X, W1282X, R553XClass IIDefective protein processingF508del, N1303KClass IIIDefective protein regulationG178R, S549N, G551D, G551SClass IVDefective protein conductanceR117H, R334W, R347PClass VReduced protein synthesis3849+10kbC→T, 2789+5G→A, 3120+1G→AClass VIAccelerated CFTR turnoverQ1412X[^2]

Class I mutations involve premature stop codon, that prevents complete transcription of the CFTR gene, resulting in truncated protein and near complete absence of CFTR protein at the cell surface. This mutation affects 2--5% of the CF population worldwide but is common in certain CF populations like Ashkenazi Jews who carry at least one copy of the mutation in 60% of the cases.[@CIT0014]

Class II mutations (including the most common Phe508del\[F508del\] mutation) lead to an aberrantly folded CFTR protein that is targeted by the cell quality control system for degradation by the proteasome, resulting in near complete absence of mature CFTR protein at the apical surface membrane.

Class III mutations lead to a full-length CFTR protein incorporated into the cell membrane but with defective regulation of chloride transport it leads to markedly reduced channel gating. This is called a gating mutation and Gly551Asp (G551D) is the commonest mutation which is present in approximately 4% of the patients.

Class IV mutations lead to impaired CFTR channel conductance (rate at which ions flow through open channel). The most common mutation is Arg117His (R117H).

Class V mutations result in reduced synthesis of CFTR protein leading to a reduced number of normally functioning CFTR at the cell membrane.

Class VI mutations lead to accelerated turnover of CFTR protein at the cell surface leading to reduced number of functional CFTR.

It is worth noting that these functional classes are not mutually exclusive, and an individual mutation can result in multiple defects spanning multiple classes. For example, the most common disease causing F508del mutation leads to various defects, including reduced folding and trafficking (class II) and defective channel gating (class III) defects amongst others.

Class I, II, and III mutations are associated with no residual CFTR function and patients with these mutations manifest a more severe form of the disease compared to those with class IV, V, and VI mutations that have some residual CFTR function.

Management of CF has traditionally relied upon preventing and controlling complications of CFTR dysfunction. However, over the last decade, the landscape has changed with the discovery of mutation-specific therapy (CFTR modulators) addressing the underlying basic defect causing CF. Here, we review these therapies which are already in clinical use with an emphasis on tezacaftor-ivacftor combination and its potential in the treatment of CF.

Methods {#S0002}
=======

Medline, Embase, The Cochrane Central Register of Controlled Trials and the Web of Science databases were searched for relevant studies. The keywords used were "CF or cystic fibrosis" AND "IVA or ivacaftor" OR "LUM or lumacaftor" OR "TEZ or tezacaftor" OR "VX-659" OR "VX-445" OR "triple therapy". From this search, appropriate reports on CFTR modulator therapies were identified and applicable cross-references reviewed. Randomized controlled trials evaluating combination therapies with the CFTR corrector tezacaftor (on its own or in combination with VX-659/VX-445) and the CFTR potentiator ivacaftor are analyzed in detail. This is a narrative review of the literature and not a systematic review.

Results and analysis {#S0003}
====================

CFTR modulators {#S0003-S2001}
---------------

CFTR modulators approved for clinical use include potentiators and correctors.

CFTR potentiators increase the function of the CFTR protein at the cell surface while correctors address the defective protein folding and processing to increase delivery of CFTR protein to the cell surface.

Ivacaftor, the only licensed CFTR potentiator, was approved by FDA in January 2012 based on studies which demonstrated sustained increase in percent predicted FEV1 (ppFEV1) of 10.6 percentage points and a 55% reduction in the rate of pulmonary exacerbations in patients with at least one copy of G551D mutation (STRIVE study). Patients on ivacaftor had improved quality of life, significant weight gain, and a decrease in sweat chloride level compared to those in the placebo group.[@CIT0015] Subsequently, the ENVISION study showed similar benefit in 6--11 years-old children with CF, with G551D mutation, despite milder degree of lung disease at baseline.[@CIT0016] Patients who switched from placebo to ivacaftor in the long-term PERSIST study showed sustained improvement in FEV1, weight and exacerbation rate, through to 96 weeks, which were similar to those observed in the active group during the 48 weeks prior to the study ([Table 2](#T0002){ref-type="table"}) 10.[@CIT0017] Table 2Clinical trials of ivacaftor monotherapy in CFReferenceStudy designResultsRamsey et al.[@CIT0015]\
STRIVEPlacebo controlled, double-blind, parallel study.\
Population:\
 ● G551D mutation in at least one allele\
 ● Age≥12\
 ● ppFEV1 40--90%\
Duration: 48 weeks\
Open-Label, rollover study (PERSIST \[17\]), 96 weeks10.6 percentage points improvement in absolute ppFEV1,\
55% reduction in pulmonary exacerbation rate,\
48 mmol/L drop in sweat chloride,\
2.7 kg weight gainDavies et al.[@CIT0016]\
ENVISIONPlacebo controlled, double-blind, parallel study.\
Population:\
 ● G551D in at least one allele\
 ● Age 6--11 years.\
 ● ppFEV1 40--105%\
Duration: 48 weeks\
Open-Label, rollover study (PERSIST),[@CIT0017] 96 weeks10 percentage points adjusted absolute FEV1 improvement,\
53 mmol/L drop in sweat chloride\
2.8 kg weight gain[^3]

Observational data from the US and UK patient registries have demonstrated clinically favorable results for patients treated with ivacaftor including a lower prevalence of CF-related complications and improved lung function.[@CIT0018] Ivacaftor is also demonstrated to significantly improve objectively measured cough as well as extra-oesophageal manifestations of reflux.[@CIT0019],[@CIT0020]

Ivacaftor is now indicated for several mutations within classes III, IV, and V based on clinical and in vitro data using Fisher rat thyroid cell lines.[@CIT0021] However, it is worth noting that only around 4% of CF patients carry the G551D mutation and even with the extended indication only 10--15% of CF patients will benefit from Ivacaftor.[@CIT0001],[@CIT0010]

To improve CFTR function in the majority of the CF population, targeting the most common F508del CFTR mutation is required. Approximately 50% of CF patients are homozygous and around 90% of the CF population carry at least one copy of this mutation. Unlike G551D mutation, F508del mutation is far more complex to correct as it results in defective CFTR folding and processing in the endoplasmic reticulum, resulting in minimal amounts of CFTR protein delivered to the cell surface. Furthermore, the small amount of F508del-CFTR protein at the cell surface exhibits defective channel gating and turnover.

A Phase II clinical trial has shown that Ivacaftor alone is not an effective therapeutic option for patients homozygous for the F508del mutation.[@CIT0022] To enhance F508del-CFTR protein activity drugs that increase the delivery of functional CFTR to the cell surface are required; these are termed CFTR correctors.

Lumacaftor (VX-809) is the first corrector to advance through clinical trials based on in vitro data; using a human bronchial epithelium (HBE) cell model an increase in CFTR quantity has been demonstrated.[@CIT0023] In cultured HBE from F508del homozygous patients, lumacaftor-enhanced chloride secretion to approximately 14% of non-CF HBE. However, monotherapy with lumacaftor in F508del homozygous patients failed to demonstrate significant clinical benefit.[@CIT0024]

Adding ivacaftor to potentiate the function of the lumacaftor-rescued CFTR was examined in two randomized control trials termed TRAFFIC and TRANSPORT.[@CIT0025] In these randomized controlled trials, involving patients ≥12 years of age and homozygous for F508del mutation, combination therapy with lumacaftor and ivacaftor (Orkambi) showed a modest but statistically significant and sustained increase in ppFEV1 (2.6 percentage points improvement in absolute ppFEV1) and a 34% reduction in pulmonary exacerbations compared to placebo.

Safety and efficacy of long-term treatment with lumacaftor/ivacaftor combination therapy were studied in a Phase III extension study (PROGRESS) ([Table 3](#T0003){ref-type="table"}). This showed that long-term treatment with lumacaftor/ivacaftor was associated with a 42% slower rate of decline in FEV1 as compared to matched registry control.[@CIT0026] Table 3Clinical trials of lumacaftor and ivacaftor combination therapy in CFReferenceStudy designResultsWainwright et al.[@CIT0025]\
TRAFFIC/\
TRANSPORTTwo Phase III, randomized,\
Placebo controlled, double-blind studies\
Combined lumacaftor (600 mg qd or 400 mg q12h) with ivacaftor (250 mg q12h) or matched placebo\
Population:\
 ● Phe508del homozygous\
 ● Age ≥12\
 ● ppFEV1 40--90%\
 ● Number: 1,108\
Duration: 24 weeks2.6--4 percentage points improvement in absolute ppFEV1;\
30--39% reduction in pulmonary exacerbationsKonstan et al.[@CIT0026]\
PROGRESSPhase III\
extension study of\
patients who completed\
TRAFFIC or TRANSPORT\
Parallel group,\
multicenter study\
Duration: 96 weeksPatients on combination therapy had a 42% slower rate of ppFEV1 decline compared to matched registry control.\
Long-term safety of combination therapy: consistent with previous randomized control trials.[^4]

This combination treatment was not effective in F508del heterozygous patients, and some patients were not able to tolerate the treatment due to adverse effects of chest tightness and acute drop in lung function.[@CIT0027] In addition, significant drug-to-drug interaction of lumacaftor limited the use of combination therapy. Therefore, a more effective CFTR modulator with less drug-to-drug interaction is needed. Tezacaftor and other newer-generation correctors have the potential to overcome these limitations. In this narrative review, combination therapy with tezacaftor/ivacaftor and newer-generation correctors/tezacaftor/ivacaftor is appraised.

Tezacaftor {#S0003-S2002}
----------

### Tezacaftor: mechanism of action {#S0003-S2002-S3001}

Tezacaftor is a CFTR corrector without some of the problems associated with lumacaftor therapy. The chemical structure and mechanism of action of tezacaftor are very similar to that of lumacaftor. Therapy leads to enhanced processing and trafficking of F508del-CFTR resulting in demonstrable increase in chloride transport. In an in-vitro study using an Ussing chamber and utilizing F508del/F508del‐HBE cells derived from six donors, enhanced chloride transport was demonstrated with both tezacaftor monotherapy as well as in combination with ivacaftor.[@CIT0028] Twenty-four hour treatment with tezacaftor improved chloride transport from a baseline of 2.5 to 8.1% of normal levels. Combination treatment with ivacaftor for 24 hrs further improved this to 15.7% of non‐CF airway cells. Treatment of these cultured cells for 72 hrs also increased fluid transport and ciliary beat frequency to levels greater than those observed with either agent alone. This in-vitro data suggest that the combination of tezacaftor and ivacaftor may lead to an improvement in chloride transport, fluid transport, and ciliary beat frequency in F508del/F508del‐HBE cells. Subsequently in both Phase II and Phase III clinical trials, a decrease in sweat chloride levels was demonstrable with tezacaftor and tezacaftor/ivacaftor combination therapy.[@CIT0029]--[@CIT0033]

### Tezacaftor: pharmacological profile {#S0003-S2002-S3002}

The pharmacokinetic profile of tezacaftor monotherapy and tezacaftor/ivacaftor combination therapy has been reported in a Phase II trial.[@CIT0029] In subjects homozygous for F508del, tezacaftor was rapidly absorbed after oral administration and reached steady state level in around 2 weeks. Exposures of tezacaftor and its metabolites were similar with both tezacaftor monotherapy as well as with tezacaftor/ivacaftor combination therapy. Similarly, exposures of ivacaftor and its metabolites were unaffected by concomitant tezacaftor therapy. Steady-state area under the curve estimates of tezacaftor was similar with both the 50 mg every 12 hrs and the 100 mg daily doses. The recommended dose of tezacaftor/ivacaftor combination therapy is 100 mg every day of tezacaftor and 150 mg every 12 hrs for ivacaftor. At this dose, steady-state exposures of tezacaftor and ivacaftor in F508del/G551D compound heterozygous subjects were demonstrated to be very similar to that in subjects homozygous for F508del.

Reports suggest that lumafctor may be an inducer of cytochrome (CYP) drug metabolizing enzymes.[@CIT0029],[@CIT0034],[@CIT0035] Lumacaftor being an inducer of CYP3A4 and ivacaftor being a substrate, a clinically significant interaction between the two drugs is possible. However, tezacaftor is not an inducer of CYP3A4 enzymes which makes drug--drug interactions of less concern. It has been demonstrated that the metabolism of drugs which are CYP3A substrates, including hormonal contraceptives, is unlikely to be affected by tezacaftor/ivacaftor combination therapy.[@CIT0035]

### Tezacaftor/ivacaftor combination therapy: clinical efficacy data {#S0003-S2002-S3003}

#### Phase II study of tezacaftor and tezacaftor/ivacaftor {#S0003-S2002-S3003-S4001}

In subjects homozygous for F508del or compound heterozygous for F508del and G551D, the safety and efficacy of tezacaftor monotherapy and tezacaftor/ivacaftor combination therapy was evaluated in a multi-center, double-blind, placebo-controlled Phase II trial.[@CIT0029] In homozygous patients varying doses of tezacaftor in a dose escalation phase as well as in a dosage regimen testing phase were used, on its own or in combination with ivacaftor. The heterozygotes received tezacaftor in addition to regular physician-prescribed ivacaftor. The primary end points of this trial were safety through the study (56 days) and change in sweat chloride levels from baseline through day 28. Secondary end-point included change in ppFEV1 through day 28. Pharmacokinetics data were also reported.

Eligible subjects included in this study met standard diagnostic criteria for CF and had ppFEV1 between 40% and 90%; body weight ≥40 kg; and a body mass index (BMI) ≥18.5 kg/m^2^. The F508del homozygous subjects were ≥18 years of age and those heterozygous for F508del and G551D ≥12 years of age. Subjects were randomly assigned in a 4:1 ratio to four different doses of tezacaftor (10, 30, 100, and 150 mg od.) on its own and in combination with ivacaftor 150 mg q 12 hourly in the dose escalation phase. In the dosage regimen testing phase, three doses of tezacaftor/ivacaftor (tezacaftor 100 mg/ivacaftor 150 mg 12 hourly; tezacaftor 100 mg/ivacaftor 50 mg 12 hourly; and tezacaftor 50 mg 12 hourly/ivacaftor 150 mg 12 hourly) were evaluated. In the F508del and G551D group tezacaftor 100 mg od/ivacaftor 150 mg 12 hourly was used. In this group, the comparator was placebo/ivacaftor. Thus, there were 14 arms to the study, including placebo only arms. Subjects received medications for 28 days with a further 28-day washout period and follow-up at 56 days.

One hundred and eighty-five of 190 subjects (mean age 30 years, 56% males) overall completed the study. The incidence of adverse events was found to be similar across all the study arms. Though adverse events reported were common (90.9% with tezacaftor monotherapy, 86.8% with tezacaftor/ivacaftor, and 90.9% in the placebo arm) the majority of these (81.4%) were mild to moderate in nature. The most common adverse events reported were infective pulmonary exacerbation of CF, cough, increased sputum, nausea, diarrhea, headache, and fatigue. All study-attributable serious adverse effects were pulmonary exacerbations and were reported in 7% of the subjects in an active drug arm (10 of 139) and 15% in the placebo arm (5 of 33).

Significant within-group decrease in sweat chloride levels from baseline to day 28 in the F508del homozygous group was observed with the two higher doses of tezacaftor (100 and 150 mg od) and 10, 30, and 100 mg of tezacaftor in combination with ivacaftor. Decrease in sweat chloride levels with the tezacaftor 100 mg od and ivacaftor 150 mg hourly dose (6.04 mmol/L) were significant as compared with placebo as well. The largest improvement in ppFEV1 (within-group increase from baseline of 3.75 percentage points; treatment effect vs placebo 3.89 percentage points, *p*\<0.05) was with tezacaftor 100 mg od and ivacaftor 150 mg 12 hourly.

In the F508del and G551D compound heterozygous group, though the within group decrease (7.02 mmol/L) in sweat chloride levels was not significant, as compared to placebo this was significant (−17.20, *p*\<0.05). Statistically significant increase in absolute and relative within-group ppFEV1 through day 28 was observed (4.6 and 7.29 percentage points, respectively, *p*\<0.05), but not in comparison with placebo.

This was the first clinical trial evaluating the combination of tezacaftor/ivacaftor in patients with CF homozygous for F508del and heterozygous F508del/G551D patients. The trial showed that the combination had a satisfactory adverse effect profile, reduced sweat chloride levels and improved lung function as assessed by FEV1. This set the stage for Phase III trials in these two groups of CF patients.

#### Phase III studies of tezacaftor and tezacaftor/ivacaftor {#S0003-S2002-S3003-S4002}

Following on from the Phase-II trial, combination therapy with tezacaftor/ivacaftor has been evaluated in both subsets of CF patients; homozygous for F508del and compound heterozygous for the F508del mutation and a second allele mutation associated with residual CFTR function.[@CIT0030],[@CIT0031] Definition of residual CFTR function and list of mutations is detailed in the supplement to the published article and was based on clinical and lab criteria.[@CIT0030]

#### Tezacaftor/ivacaftor in patients with CF homozygous for F508del {#S0003-S2002-S3003-S4003}

Five hundred ten patients ≥12 years of age with CF and homozygous for the F508del mutation underwent randomization in this multicenter, double-blind, placebo-controlled, parallel-group randomized trial (EVOLVE).[@CIT0030] Subjects had their FEV1 between 40% and 90% predicted at screening and had stable disease. Of the 510 who underwent randomization 509 received tezacaftor 100 mg od/ivacaftor 150 mg q12hrs in a fixed-dose combination tablet or matched placebo for 24 weeks in a 1:1 ratio. The primary end-point of the study was absolute change in ppFEV1 through week 24. Key secondary end-points were relative change in ppFEV1, number of pulmonary exacerbations, absolute change from baseline in BMI and the absolute change in the respiratory domain score on the Cystic Fibrosis Questionnaire-Revised (CFQ-R).

Of the 510 subjects who underwent randomization, 509 received at least one dose of a trial medication and 475 completed the requisite 24 weeks of the trial. The trial met its primary end-point; significant improvement was noted in favor of tezacaftor/ivacaftor as compared to placebo on the absolute and relative changes in ppFEV1 (4 percentage points and 6.8%, respectively, *p*\<0.001). Improvement in FEV1 was observed at the first assessment point (15 days) and was consistently sustained through to 24 weeks. The risk of pulmonary exacerbation was significantly lower in the tezacaftor/ivacaftor group (*p*=0.005) as compared to placebo. The risk of pulmonary exacerbations at 24 weeks was 35% in the placebo group as compared to 25% in the tezacaftor/ivacaftor group. No significant differences between the placebo and tezacaftor/ivacaftor groups were noted in the BMI at week-24. At this point, as per study design, testing hierarchy for statistical significance was broken. The CFQ-R respiratory domain scores favored tezacaftor/ivacaftor. Tezacaftor/ivacaftor treatment led to a reduction in sweat chloride levels, with a between group difference of −10.1 mmol/L. The incidence of adverse events was similar in both groups with at least one adverse effect observed in 92.7%. Most of these were either mild (41.8%) or moderate (40.9%) in severity. Serious adverse effects were reported in 12.4% of the tezacaftor/ivacaftor group and 18.2% of the placebo group. Commonly noted adverse effects (\>10 incidence in either group) were similar to that observed in the Phase II trial and included infective pulmonary exacerbations, cough, headache, nasopharyngitis, increased sputum production, pyrexia, hemoptysis, oro-pharyngeal pain, and fatigue. Importantly, and in contrast to lumacaftor/ivacaftor, tezacaftor/ivacaftor treatment was not linked with an acute post-dose decline in FEV1 nor increased risk of respiratory events or any derangements in liver function tests. Study results are summarized in [Table 4](#T0004){ref-type="table"}.Table 4Clinical trials of tezacaftor and ivacaftor combination therapy in CFReferenceStudy designResultsTaylor‑Cousar et al.[@CIT0030]\
EVOLVEPhase III, randomized, double-blind, multicenter, placebo-controlled, parallel-group trial.\
Population:\
 ● F508del homozygous\
 ● Age≥12\
 ● ppFEV1 40--90%\
Duration: 24 weeks510 randomized; 475 completed trial\
4 percentage points improvement in absolute ppFEV1\
35% reduction in annual pulmonary exacerbation rate\
No significant difference in BMI\
10.1 mmol/L drop in sweat chloride level\
No significant safety concernsRowe et al.[@CIT0031]\
EXPANDPhase III, randomized, double-blind, placebo-controlled, crossover\
trial\
Population:\
 ● F508del heterozygous (with a CFTR mutation associated with residual CFTR function)\
 ● Age≥12\
 ● ppFEV1 40--90%\
Duration: two 8 weeks intervention, separated by 8 week wash out248 randomized; 234 completed the two intervention periods; 481 evaluable periods\
6.8 and 4.7 percentage points improvement in absolute ppFEV1 for tezacaftor/ivacaftor and ivacaftor monotherapy, respectively,\
9.5 and 4.5 mmol/L drop in sweat chloride level for tezacaftor/ivacaftor and ivacaftor monotherapy, respectively\
No significant safety concerns[^5]

#### Tezacaftor/ivacaftor in F508del/residual function heterozygous patients {#S0003-S2002-S3003-S4004}

Two hundred and forty-eight patients ≥12 years of age with CF and heterozygous for the F508del mutation and a residual function CFTR mutation underwent randomization in this multicenter, double-blind, placebo-controlled, two-period, three-intervention crossover trial ( EXPAND).[@CIT0031] The study had two intervention periods of 8 weeks separated by a washout period of 8 weeks. Each patient received two of tezacaftor/ivacaftor combination therapy, ivacaftor monotherapy or placebo. Similar to EVOLVE, patients had their FEV1 between 40% and 90% predicted at screening and had stable disease. Primary end-point of the study was also similar to EVOLVE; absolute change in ppFEV1 from the baseline value to the average of week 4 and week 8 measurement in each intervention period. A key secondary end-point was the absolute change in CFQ-R respiratory domain score. Further secondary end-points included relative change in ppFEV1 and absolute change in sweat chloride concentration.

Of the 248 undergoing randomization two patients were later deemed ineligible for the study. Of the remaining 246 subjects, 234 (95%) completed both intervention periods resulting in 481 analyzable periods. This study also met its primary end-point; the least-squares mean difference vs placebo was 4.7 percentage points for ivacaftor monotherapy and 6.8 points for tezacaftor/ivacaftor combination therapy (*p*\<0.001 for both comparisons). The difference between the two treatment arms was statistically significant in favor of tezacaftor/ivacaftor combination therapy (*p*\<0.001). Again improvements in FEV1 were observed at 15 days and were sustained through the study period. Change in CFQ-R respiratory domain score significantly improved with both treatment arms as compared to placebo (11.1 for tezacaftor/ivacaftor and 9.7 for ivacaftor monotherapy vs placebo, *p*\<0.001). The difference between tezacaftor/ivacaftor combination therapy and ivacaftor monotherapy was not significant. Changes in sweat chloride levels were −9.5 mmol/L for tezacaftor/ivacaftor vs placebo, −4.5 mmol/L for ivacaftor vs placebo and −5.1 for tezacaftor/ivacaftor vs ivacaftor monotherapy. The incidence of adverse events was similar across all intervention groups; most events were mild to moderate in severity, similar to the EVOLVE study. Results are summarized in [Table 4](#T0004){ref-type="table"}.

These two Phase III studies demonstrated that tezacaftor/ivacaftor combination therapy improves lung function, as assessed by FEV1, in CF patients homozygous for F508del mutation as well as those heterozygous for F508del and a residual-function mutation. Long-term data will tell whether these improvements noted in both these studies will result in enhanced clinical benefits over time.

### Triple combination CFTR modulators (two correctors and one potentiator) {#S0003-S2002-S3004}

As discussed so far, tezacaftor/ivacaftor combination therapy is efficacious both in F508del homozygotes as well as F508del/RF mutation heterozygotes and is well tolerated with improved side effect profile and less drug-drug interactions. However, like lumacaftor/ivacaftor combination the lung function improvement with tezacaftor/ivacaftor is modest, at best, especially as compared to the improvements seen with ivacaftor in patients with G551D mutations. Indeed, these lung function improvements are comparable to established and inexpensive therapies such as osmotic agents (nebulized hypertonic saline and inhaled mannitol), azithromycin, inhaled tobramycin, and recombinant human DNase.[@CIT0036]--[@CIT0042] Dual combination therapy is also not effective in heterozygotes with F508del/minimal function (MF)-CFTR mutations. MF-CFTR mutation refers to mutations that do not make meaningful CFTR protein and are associated with significantly higher rates of pancreatic insufficiency and sweat chloride levels of \>86 mmol/L. Therefore, either a more potent corrector or combination therapy addressing most of the CF population is needed.

It has been suggested that the combination of two correctors with different mechanistic actions may have a greater effect on the amount of CFTR protein expressed at the cell surface than either on their own.[@CIT0043] On the basis of this premise next-generation, CFTR correctors have been developed. The hypothesis is a newer-generation corrector in combination with tezacaftor/ivacaftor (ie, a "triple therapy"), will lead to both increased amount and function of F508del CFTR protein. To address this, two next generation correctors (named VX-659 and VX-445) were developed and evaluated in parallel; the results of clinical trials have been recently published.[@CIT0032],[@CIT0033] Both these compounds share a similar structure to each other but have different mechanism of action and structure to tezacaftor. Additive effect to tezacaftor/ivacaftor was described in-vitro. VX-659 was shown to improve processing and trafficking of F508del CFTR protein in a HBE cell-model from cells derived from patients homozygous for the F508del mutation or heterozygous for F508del and a MF mutation allele. The combination of VX-659-tezacaftor, with or without ivacaftor, resulted in significantly higher steady-state levels of mature CFTR protein than either compound alone.[@CIT0032]

Twelve patients heterozygous for F508del/MF mutation were randomized to either receive triple therapy (9) or placebo (3) over a period of 14 days to evaluate safety and pharmacokinetics. The adverse effect profile of this triple combination was similar to tezacaftor/ivacaftor, with the most common adverse effects being cough and pulmonary exacerbations. Most adverse effects were mild or moderate and none led to discontinuation of the trial regimen. Triple therapy led to improvement in ppFEV1 as well as sweat chloride levels. VX-445 was evaluated in healthy volunteers in a Phase I study (details not reported). The results of both VX-659 and VX-445 Phase-II studies were designed and reported in parallel.

#### Phase II study: VX-659-tezacaftor-ivacaftor therapy {#S0003-S2002-S3004-S4001}

The safety and clinical efficacy of VX-659 in combination therapy was evaluated in a randomized, parallel-track, placebo or active-controlled, double-blind multicenter Phase II trial.[@CIT0032] Three doses of VX-659 (80 mg, 240 mg, and 400 mg od) in combination with tezacaftor 100 mg od/ivacaftor150 mg q12hrs were studied in the F508del/MF mutation CF patients in comparison to triple-placebo. VX-659 (400 mg od) in combination with tezacaftor/ivacaftor was studied in F508del homozygous CF patients; the comparator was placebo/tezacaftor/ivacaftor as tezacaftor/ivacaftor combination therapy has already been shown to be beneficial in this group. VX-651 is a deuterated form of ivacaftor which is dosed once a day as compared to the non-deuterated form which is dosed b.d. VX-659 (400 mg) in combination with tezacaftor/VX-651, the combination leading to once daily dosing of triple therapy, was studied as compared to placebo in F508del/MF mutation CF patients. Treatments were administered over a period of 4 weeks with 4 weeks each of preceding screening/run-in and safety follow-up periods. Stable patients with CF and FEV1 between 40% and 90% predicted at screening were recruited. Primary end-points were safety and improvement in ppFEV1 at day 29. Secondary end-points included absolute change in sweat chloride concentration and the absolute change in CFQ-R respiratory domain score at day 29.

One hundred and seventeen patients were randomized to receive triple therapy or a comparator and 115 completed the 4-week intervention period. In the F508del/MF mutation group 53 received VX-659/tezacaftor/ivacaftor (10 placebo) and 19 received VX-659/tezacaftor/VX-651 (6 placebo). In the F508del homozygous group, 18 received VX-659/tezacaftor/ivacaftor (11 placebo/tezacaftor/ivacaftor). Adverse effect profile was similar to that observed in the Phase Istudy. There were no discontinuations of treatment due to adverse effects in any patient receiving VX-659/tezacaftor/ivacaftor; one subject discontinued in the VX-659/tezacaftor/VX-651 group. The safety profile of VX-659/tezacaftor/VX-651 was noted to be similar to VX-659/tezacaftor/ivacaftor. Bronchoconstriction was not noted in any subject taking VX-659 in combination therapy. VX-659/tezacaftor/ivacaftor led to significant improvements in ppFEV1 from baseline (placebo and placebo/tezacaftor/ivacaftor did not); the range of improvements was from 9.7 (F508del homozygous) to 13.3 percentage points (in F508del/MF heterozygotes). Improvements in FEV1 were observed at day 15 and sustained at day 29. Concomitant improvements were noted in the secondary end-points of sweat chloride levels and CFQ-R respiratory domain score. Sweat chloride level improvements from baseline ranged from 42.2 mmol/L to 51.4 mmol/L. CFQ-R respiratory domain scores improvements ranged from 19.5 to 24.6 points. Improvements in end-points in those receiving VX-659/tezacaftor/VX-651 were similar.

#### Phase II study: VX-445-tezacaftor-ivacaftor therapy {#S0003-S2002-S3004-S4002}

Similar to VX-659, the efficacy of VX-445 was also demonstrated in-vitro and then in a Phase I trial (involving healthy volunteers). VX-445 was evaluated in a similar manner to VX-659 and in the same two genotypes of CF patients and over the same intervention duration of 4-weeks.[@CIT0033] In the F508del/MF genotype 50, 100, or 200 mg once daily VX-445 in combination with tezacaftor 100 mg od/ivacaftor 150 mg q12hrs was compared with triple placebo. In this genotype, the combination of VX-445/tezacaftor/VX-561 was also evaluated. In the F508del homozygous group, VX-445 200 mg o.d in combination with tezacaftor/ivacaftor was compared with placebo/tezacaftor/ivacaftor.

One hundred and twenty-three patients (95 F508del/MF heterozygous and 28 F508del homozygous) were randomized and 119 completed the 4-week study period. The adverse effect profile of VX-445/tezacaftor/ivacaftor was very similar to VX-659/tezacaftor/ivacaftor; 68 of 74 (92%) who received VX-445/tezacaftor/ivacaftor reported an adverse effect with 96% of these being mild or moderate. Serious adverse effects, none considered life-threatening, occurred in 6 subjects; 3 (14%) in the VX-445/tezacaftor/VX-561, 2 (17%) in triple placebo and 1(14%) in the tezacaftor/ivacaftor. The 3 in the VX-445 group and 1 in the tezacaftor/ivacaftor control discontinued treatment.

Significant improvements in ppFEV1 as compared to baseline, and similar to VX-659, were observed and ranged from 11 percentage points (F508del homozygous group) to 7.9 percentage points (F508del/MF heterozygous). Improvements in sweat chloride levels as well as CFQ-R respiratory domain were similar to that observed with VX-659; sweat chloride level improvements ranged from 33.2 to 39.6 mmol/L and that of CFQ-R respiratory domain from 15.4 to 25.7 points.

The results of these Phase II trials are summarized in [Table 5](#T0005){ref-type="table"}. Table 5Clinical trials of next-generation corrector, tezacaftor and ivacaftor combination therapy in CFReferenceStudy designResultsDavies et al.[@CIT0032]Phase II, randomized, double-blind, multicenter, placebo or active-controlled.\
Combination: VX-659--tezacaftor--ivacaftor\
Population:\
 ● F508del homozygous (placebo comparator)\
 ● Or F508del/MF heterozygous (placebo/tezacaftor/ivacaftor comparator)\
 ● Age≥18\
 ● ppFEV1 40--90%\
Duration: 4 weeks117 randomized; 115 completed trial\
9.7 percentage points improvement in absolute ppFEV1 in the homozygous population\
10.2 to 13.3 percentage points improvement in absolute ppFEV1 in the heterozygous population\
42.2 mmol/L drop in sweat chloride level in the homozygous population\
43.8 to 51.4 mmol/L drop in sweat chloride level in the heterozygous population\
19.5 points improvement in the CFQ-R respiratory domain score in the homozygous population\
19.8 to 24.6 points improvement in the CFQ-R respiratory domain score in the heterozygous population\
No significant safety concernsKeating et al.[@CIT0033]Phase II, randomized, double-blind, multicenter, placebo or active-controlled.\
Combination: VX-445--tezacaftor--ivacaftor\
Population:\
 ● F508del homozygous (placebo comparator)\
 ● Or F508del/MF heterozygous(placebo/tezacaftor/ivacaftor comparator)\
 ● Age≥18\
 ● ppFEV1 40--90%\
Duration: 4 weeks123 randomized; 119 completed trial\
11 percentage points improvement in absolute ppFEV1 in the homozygous population\
7.9 to 13.8 percentage points improvement in absolute ppFEV1 in the heterozygous population\
39.6 mmol/L drop in sweat chloride level in the homozygous population\
33.8 to 39.1 mmol/L drop in sweat chloride level in the heterozygous population\
20.7 points improvement in the CFQ-R respiratory domain score in the homozygous population\
15.4 to 25.7 points improvement in the CFQ-R respiratory domain score in the heterozygous population\
No significant safety concerns[^6]

Conclusion {#S0004}
==========

The development of CFTR modulator therapies targeting defective protein function and expression marked a paradigm change in the management of CF. Ivacaftor, a potentiator, leads to a marked and sustained improvement and is now considered the standard of care in CF patients with the appropriate genotype. However, only a small proportion of CF patients with specific mutations are eligible for treatment with ivacaftor. Lumacaftor/ivacaftor combination is currently accepted as standard of care for F50del homozygous patients in many parts of the world but it is not approved for routine prescription in England on cost effectiveness grounds \[44\]. However, it is available for patients with advanced disease from Vertex on compassionate grounds.

Phase III studies clearly demonstrated that tezacaftor/ivacaftor combination therapy is effective in F508del homozygotes as well as F508del/RF mutation heterozygotes. This treatment is well tolerated with an acceptable side effect profile which is comparable to placebo. Unlike lumacaftor/ivacaftor, there is no early bronchoconstriction noted and the drug--drug interactions are less of a concern. Lung function improvements seen in F508del homozygotes were similar in both dual combination therapies.

The improvements reported recently with triple therapy regimes represent a major advance compared to dual therapy. Addition of a next generation corrector (VX-659 or VX-445) to tezacaftor/ivacaftor was demonstrated to further improve ppFEV1 by around 10 percentage points. The adverse effect profile of these triple combinations is acceptable and is similar to tezacaftor/ivacaftor combination.

Triple therapy promises an effective CFTR modulator therapy for more than 90% of the CF patients. At present, we do not know whether improvements in lung function will be sustained and whether this in turn would lead to reduction in exacerbations and improve other CF outcomes. The results of ongoing Phase III studies are eagerly awaited and will address the above queries. There are also a number of other potential corrector/potentiator/amplifier combination therapies in various stages of clinical development which might benefit patients in the future.[@CIT0001]
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[^1]: These authors contributed equally to this work

[^2]: **Notes:** CFTR mutations can be divided into six functional classes. Class I mutations result in no protein production. Class II mutations cause defective protein folding and processing. Class III mutations affect channel regulation. Class IV mutations cause reduced conduction. Class V mutations cause a substantial reduction in mRNA or protein, or both, Class VI mutations cause substantial plasma membrane instability.

[^3]: **Notes:** The study design and main results of clinical trials of ivacaftor monotherapy are summarized in the table. ppFEV1 is the percentage of predicted FEV1 at screening.

[^4]: **Notes:** The study design and main results of clinical trials of lumacaftor/ivacaftor combination therapy are summarized in the table. ppFEV1 is the percentage of predicted FEV1 at screening.

[^5]: **Notes:** Summary of Phase-III clinical studies evaluating tezacaftor/ivacaftor combination therapy in patients with CF. The dosage of tezacaftor/ivacaftor was 100 mg o.d. and 150 mg 12 hourly, respectively. In the EXPAND trial tezacaftor/ivacaftor combination therapy, ivacaftor monotherapy or placebo were the interventions. ppFEV1 is the percentage of predicted FEV1 at screening.

[^6]: **Notes:** Summary of phase-clinical studies evaluating next-generation correctors (VX-659 and VX-445) in combination with tezacaftor/ivacaftor in patients with CF. The dosage of tezacaftor/ivacaftor was 100 mg o.d. and 150 mg 12 hourly, respectively. Varying doses of next-generation correctors were used. VX-651, a deuterated form of ivacaftor which is dosed once a day, was also evaluated instead of ivacaftor. The results with VX-651 were similar. ppFEV1 is the percentage of predicted FEV1 at screening.
